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Summary
Objective: To determine the effectiveness of ‘accelerated’ compared to ‘traditional’ post-operative load bearing rehabilitation protocols follow-
ing matrix-induced autologous chondrocyte implantation (MACI).
Method: A randomized controlled study design was used to investigate clinical, biomechanical and radiographic assessment at 3 months post-
surgery in 62 patients following MACI to the medial or lateral femoral condyle. Both rehabilitation interventions sought to protect the implant for
an initial period, then incrementally increase load bearing. Under the ‘accelerated’ protocol, patients reached full weight bearing at 8 weeks
post-surgery, compared to 11 weeks for the ‘traditional’ group.
Results: Patients in the ‘accelerated’ group achieved greater 6 min walk distances and daily activity levels as measured by accelerometry
(P< 0.05) compared to the ‘traditional’ group. Furthermore, the ‘accelerated’ group reported signiﬁcantly better improvement in knee pain
at 12 weeks as indicated by the Knee Injury and Osteoarthritis Outcome Score (P< 0.05), and regardless of the rehabilitation protocol em-
ployed, no patient suffered any adverse effect to the implant as assessed by magnetic resonance imaging at 3 months. Comparison of each
rehabilitation group with an unaffected control group revealed a signiﬁcant difference in peak knee adduction and ﬂexion moments for the
traditional group (P< 0.05). However, there was no difference for accelerated patients (P> 0.05), which may demonstrate a faster return
to knee loading patterns typically observed in unaffected subjects.
Conclusion: The ‘accelerated’ load bearing approach that reduced the length of time spent ambulating on crutches resulted in reduced knee
pain, improved function, no graft complications and may speed up the recovery of normal gait function. Patient follow-up to at least 24 months
would be required to observe longer-term graft outcomes.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Autologous chondrocyte implantation (ACI) is a cartilage
restoration procedure that involves isolating and culturing
a patient’s own chondrocytes in vitro, and then re-implanting
those cells into the cartilage defect, sealing them with a peri-
osteal cover. ACI has demonstrated early clinical success
as a repair procedure for articular cartilage defects in the
knee1,2, however, drawbacks associated with the use of
the periosteal cover limited its success3. Collagen-covered
ACI (CACI) was the second generation of the ACI technique,
which used a biodegradable collagen membrane to contain
the implanted chondrocytes, rather than periosteum. CACI,*Address correspondence and reprint requests to: Dr Jay R.
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1131therefore, eliminated the associated periosteal drawbacks,
but did not remove problems associated with suturing the
cover such as the surgical complexity involved, the exten-
sive micro-trauma that results and cell leakage4. Matrix-
induced ACI (MACI) is the third generation of ACI, and
does not use a periosteal or collagen patch. Instead, chon-
drocytes are seeded directly onto a synthetic membrane
that can sustain cell migration, and may be ﬁxed in place
with ﬁbrin glue4. MACI has shown early success as a surgical
option for the repair of articular cartilage defects5 whilst
removing a number of structural and functionally-debilitating
side effects associated with the procedure2,6, which may
allow an accelerated patient recovery.
Robertson et al.7 proposed four main factors that inﬂu-
ence patient outcome and quality of repair tissue following
MACI: (1) successful cell culturing, (2) efﬁciency of the sur-
gical procedure, (3) patient cooperation in all aspects of the
pre- and post-operative program, and (4) timely progression
of load bearing and post-operative rehabilitation. Cell cul-
ture and surgical procedures continue to improve; however,
1132 J. R. Ebert et al.: Accelerated rehabilitation following MACIbest patient outcome at present seems limited by a lack of
knowledge regarding how to progressively increase load
bearing and exercise post-surgery.
The post-operative mechanical environment following ACI
plays an essential role in both graft protection, and chondro-
cyte differentiation and development8. Research has sup-
ported the need for dynamic compression9 and shear
loading10 similar to that experienced in normal daily activity,
while static compression11 and immobilization12 seem detri-
mental to cell proliferation and matrix synthesis. Therefore,
a graded program incorporating controlled exercise and pro-
gressive partial weight bearing (PWB) is recommended fol-
lowing the general ACI procedure7,13, however, the most
optimal PWB gait progression remains to be determined.100%
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Fig. 1. The progression and proposed future of WB rehabilitation since the
by Minas and Peterson14, whereby loading is limited to toe-touch for 6 we
BW permitted through weeks 9 and 10, and full WB as tolerated through
whereby a much more graduated increase is permitted, progressing from
WB at 3e4 months post-surgery, removing the initial 6-week period of no
designed to attain full WB atTraditionally, it has been recommended that PWB pro-
grams following ACI incorporate an initial 6 weeks of non-
weight bearing (WB) with only toe-touch ambulation,
a stepwise increase in load over the next 6 weeks, and
full WB achieved by the 12th week post-surgery14
[Fig. 1(A)]. With the advancement from periosteal to CACI,
and clinical experience, Robertson et al.7 proposed that re-
habilitation for the CACI patient should progress from 20%
of the patient’s body weight (BW) being applied within 2
weeks of the operation, through to full WB at 3 months
post-operatively. This regime is more graduated, but re-
moves the ﬁrst 6 weeks of non-WB [Fig. 1(B)].
Further surgical developments (MACI) and clinical
experience lead us to hypothesize that an acceleratedWks 7-8 Wks 9-10 Wks 11-12
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inception of the general ACI procedure; (A) WB gradient proposed
eks, one third of BW permitted during weeks 7 and 8, two thirds of
weeks 11 and 12, (B) WB gradient proposed by Robertson et al.7,
20% of patient BW within 2 weeks of the operation, through to full
n-WB, and (C) proposed accelerated WB gradient following MACI
8 weeks post-surgery.
Table I
Descriptive parameters for the accelerated and traditional rehabilitation groups
Functional, subjective and MRI assessment Gait assessment
Accelerated Traditional Accelerated Traditional
Number of patients 31 31 25 27
Gender (M/W) 20/11 20/11 16/9 18/9
Age (y) 36.9 (21e62) 39.7 (16e60) 37.4 (21e62) 40.0 (16e60)
10e19 0 2 0 2
20e29 8 6 6 6
30e39 11 11 8 9
40e49 8 6 7 5
50e59 3 4 3 3
60e69 1 2 1 2
Defect location (MFC/LFC) 23/8 22/9 19/6 20/7
Defect size (cm2) 3.20 (0.65e10.00) 3.40 (0.75e10.00) 3.25 (0.65e10.00) 3.40 (0.75e10.00)
Prior procedures 1.2 (0e3) 1.4 (0e4) 1.2 (0e3) 1.4 (0e4)
M, men; W, women; MFC, medial femoral condyle; LFC, lateral femoral condyle.
1133Osteoarthritis and Cartilage Vol. 16, No. 10rehabilitation protocol [Fig. 1(C)] may be tolerated without
harm to the patient, or compromising graft integrity. Further-
more, the return of gait normality may be accelerated, en-
abling the patient to have an earlier return to normal
activities, while time and expenses associated with the reha-
bilitation processmay be reduced. Although repair tissue con-
tinues to develop and remodel through to 24months following
surgery13,15, it is important to investigate whether the pro-
posedaccelerated programdoes not compromise graft adher-
ence and patient outcomes in the early post-operative stages.
We hypothesized that there would be neither signiﬁcant
differences in subjective, functional and biomechanical
outcomes in MACI patients at 3 months post-surgery, nor
differences in graft de-lamination rates, when comparing
this proposed accelerated approach to the traditionally
‘conservative’ approach to post-operative load bearing
rehabilitation7.MethodsPARTICIPANTSSixty-two patients (40 males and 22 females) who had undergone MACI
to localized, full thickness medial or lateral femoral condylar defects to thePatients Assessed
(n = 62
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Fig. 2. Patient randomization and asknee participated in this study (Table I). A block randomization (gender;
age less or greater than 40 years) was used to allocate patients to either tra-
ditional or accelerated rehabilitation pathways (Fig. 2). Only 52 patients (35
males and 17 females) underwent gait assessment (Table I), a result of ei-
ther the research design or factors beyond our control. Each MACI patient
was individually matched to a control subject for gender, and within 5% of
age, height and weight. The sample sizes used were based on a priori power
calculation that showed at least 22 subjects in each of the two groups were
required to reveal differences at the 5% signiﬁcance level, with 80% power.THE MACI TECHNIQUEInitially, an arthroscopic surgery was performed to harvest normal articular
cartilage from a non-WB area of the knee. Chondrocytes were isolated from
the cartilage tissue, cultured for approximately 4 weeks, and seeded onto
a type I/III collagen membrane (ACI-Maix Matricel GmbH, Germany) 3
days prior to re-implantation. At the time of second-stage implantation the de-
fect site was prepared by removing all damaged cartilage down to, but not
through, the subchondral plate. The MACI membrane was pressed into the
defect, secured using a thin layer of ﬁbrin glue. Following assessment of graft
stability the wound was closed.TRADITIONAL AND ACCELERATED REHABILITATION
PROTOCOLSImmediate post-operative inpatient rehabilitation consisted of: continuous
passive motion (0e30) within 12e24 h after surgery, for a minimum of 1 h for Eligibility
)
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sessment throughout the trial.
Table II
The load bearing gradients followed by MACI patients in the tradi-
tional and accelerated rehabilitation groups
Weeks post-surgery 2 3 4 5 6 7 8 9 10 11 12
Traditional group
WB (%BW) 20 50 60 70 80 90 100
Crutches 2 1 1 1 1 1 1 0
Brace Y Y Y Y Y Y Y N
Accelerated group
WB (%BW) 20 30 40 50 60 80 100
Crutches 2 2 2 2 1 1 1 0
Brace Y Y Y Y Y Y Y N
1134 J. R. Ebert et al.: Accelerated rehabilitation following MACIdaily to reduce the chance of intra-articular adhesions16; cryotherapy to con-
trol edema (20 min at least three times daily); active dorsi- and plantar-ﬂexion
of the ankle to encourage lower extremity circulation; isometric contraction of
the quadriceps, hamstrings, and gluteal musculature to maintain muscle tone
and minimize muscle loss1,16; teaching of proﬁcient toe-touch (20% BW)
ambulation through the affected limb. A range of motion (ROM) control brace
was worn post-operatively for 24 h per day to protect the repaired cartilage
surface.
Following these early post-operative stages, patients were enrolled into
either a traditional (conservative) or accelerated load bearing rehabilitation
protocol (Table II). The traditional protocol consisted of a 5-week period of
WB at 20% (toe-touch) BW, followed by a progressive increase to full WB
at 11 weeks post-surgery (Table II). The accelerated protocol progressively
increased WB immediately with full WB attained at 8 weeks post-surgery
[Fig. 1(C) and Table II]. Depending on the stage of rehabilitation patients
had the knee braced and used a single crutch, two crutches or no walking
aids (see Table II). The bathroom scale method was used to teach patients
the WB restrictions13,17.SUBJECTIVE ASSESSMENTThree subjective questionnaires were used to evaluate pre-operative and
3-month post-surgery outcome. The ﬁrst was the Knee Injury and Osteoar-
thritis Outcome Score (KOOS) to assess knee pain, symptoms, activities
of daily living (ADL), sport and recreation and knee related quality of life
(QOL)18. The second questionnaire was the Short Form Health Survey
(SF-36) which evaluated the general health of the patient, producing a mental
component score (MCS) and physical component score (PCS)19,20. The third
and ﬁnal subjective assessment used was a Visual Analog Scale (VAS) that
assessed the frequency (VAS-F) and severity (VAS-S) of knee pain on
a scale of 0e10.FUNCTIONAL ASSESSMENTFour functional capacity tests were administered to evaluate 3-month post-
surgery outcome, and patients were asked to perform these tests to the best
of their ability. First, active knee ﬂexion and extension were measured with the
patient in a supine position. Second, a three-repetition maximum straight leg
raise (3RM-SLR) test was administered to assess the strength of the quadri-
ceps and hip ﬂexor musculature in a supine position. The third assessment
was a 6 min walk test which measured the maximum distance the patient
could walk in a 6 min time period, whereby patients were instructed to walk
‘as far and fast as they comfortably could’ for the duration of the test. The
fourth functional test was assessment of the patient’s activity level. Patients
wore an activity monitor (Actigraph, MTI Health Services, Ft. Walton Beach,
FL, USA) for 7 days which provided the total number of steps/day. Patients
were instructed to attach the monitors as soon as they got out of bed each
morning, remove and re-attach them before, and after each shower, and
then remove them before bed each night. Activity monitor data were pro-
cessed with ActiSoft Analysis Software (Actigraph, ActiSoft Analysis Soft-
ware, Version 3.2.6, MTI Health Services, Ft. Walton Beach, FL, USA).GAIT ASSESSMENTTable III
Pre-surgery descriptive statistics: means (SE)
Variable Accelerated Traditional P Value
Age (y) 36.9 (1.9) 39.7 (2.2) 0.343
Weight (kg) 77.4 (2.1) 85.1 (2.5) 0.023
Height (m) 1.74 (0.02) 1.75 (0.02) 0.883Three-dimensional (3D) kinetics and kinematics during gait were investi-
gated in MACI patients at their 3-month post-surgery time point. Gait analy-
ses were conducted at the Gait Laboratory in the School of Sport Science,
Exercise and Health, at the University of Western Australia (UWA) using
a seven-camera VICON motion analysis system (VICON MX, Oxford Metrics
Limited, Oxford, UK) operating at 50 Hz. Data from two AMTI force plates
(Advanced Mechanics Technology Incorporated, Watertown, USA) were re-
corded at 2000 Hz, synchronously with the motion data. Measurement of
segmental movement was facilitated with retro-reﬂective markers attached
to the pelvis, thigh, shank, foot and trunk of the subject using double-sided
adhesive tape21.
Data were processed using the UWA lower body kinematic model21 that
initially required a series of patient calibration trials to be recorded21. The
walking trials were carried out following these calibration procedures, and pa-
tients were asked to walk at a natural, self-selected speed. Six ‘‘good’’ trials
were required; three in either direction. Repeat trials were performed until at
least six were recorded in which subjects placed the whole foot of the af-
fected limb on the force plate without targeting. The starting point for trials
was continually adjusted to ensure appropriate foot contact. Control subjects
were tested using the same gait analysis procedures. However, in addition to
their natural walking speed, control subjects were also assessed at two other
naturally selected walking speeds that were, respectively, slower and faster
than their natural pace.
Data were processed in Workstation Version 4.6 (Oxford Metrics Work-
station Version 4.6, Build 142), whereby 3D segment trajectories were
ﬁltered using a generalized, cross validated quintic spline routine22. Force
plate data were ﬁltered using a second order zero-lag Butterworth ﬁlter(Vaquita Butterworth Filter Plugin Version 1.4, Build 13) with a cut-off
frequency of 6 Hz. Functional knee joint axes and hip joint centers for
each leg were determined using custom software developed in Matlab 7
(Release 14)21. Custom BodyBuilder (Oxford Metrics BodyBuilder Version
3.6, Build 140) kinematic and inverse dynamic models21 were used to deter-
mine 3D knee joint kinetics and kinematics from the walking trials’ data.
A number of variables were investigated to describe gait function in the two
patient groups, and their respective control groups. Knee kinematic variables
associated with the stance phase of the gait cycle included knee angle at heel
strike (HS), weight acceptance (WA) and mid stance (MS), as well as the
change in knee angle from HS to WA [KROM (knee ROM)]. Ground reaction
forces (GRFs) of interest included peak vertical GRF (peak GRFV), as well as
GRFV during WA (GRFV1), the trough during MS (GRFV2) and the peak in
push-off (GRFV3), normalized to patient BW (%BW). The peak knee adduc-
tion moment was recorded, as well as the two traditional peak values during
WA (M1ADD) and push-off (M3ADD) and the trough around MS (M2ADD). The
peak knee ﬂexion moment was also measured, as were the two peaks typi-
cally observed during the stance phase of the gait cycle (M1FLEx and
M2FLEx) and the peak knee extension moment (M1ExT). Joint kinetics were
normalized to patient BW and height (%BWH). Spatio-temporal variables
were calculated for each trial, namely gait speed, cadence, stride length
and width. Since walking speed inﬂuences gait patterns23 we selected control
subjects’ data from one set of their three walking speed trials so as to best
match the walking speeds recorded from each MACI patient.MAGNETIC RESONANCE IMAGING (MRI) ASSESSMENTGraft adherence was assessed at 3 months post-surgery using non-
invasive MRI. Scans were performed at Perth Radiological Clinic using a
Siemens Symphony 1.5 T scanner (Siemens, Erlangen, Germany). Normal
T1, T2, and cartilage-speciﬁc echo sequences were obtained in coronal
and sagittal planes [repetition time (TR)¼ 3100 ms; echo time (TE)¼ 32 ms;
ﬁeld of view¼ 14 cm; slice thickness¼ 3.0 mm; matrix¼ 384 224/
256 192; acquisition¼ 2]. An independent, experienced musculo-skeletal
radiologist was enlisted to determine whether the graft was either attached
or had been completely de-laminated (subchondral bone exposed, complete
de-lamination or dislocation and/or loose body).STATISTICAL ANALYSISStatistical analysis was performed using SPSS Software (SPSS, Version
11.5, SPSS Inc., USA). A series of repeated measures analysis of covari-
ances (ANCOVAs) were used to investigate subjective and functional out-
come measures between the accelerated and traditional patients. The
covariate was patient BW, which accounted for the baseline differences ob-
served between the two groups. To analyze biomechanical data, a series of
one-way ANOVAs were initially performed to investigate any differences in
descriptive, spatio-temporal and knee pain parameters across the two reha-
bilitation patient groups (traditional and accelerated) and with their respective
unaffected, control groups. A series of Pearson correlations were then under-
taken to determine the association of knee pain and gait speed, with
knee kinematics, peak GRFV and peak knee moments. Finally, a series of
Table IV
Summary of mean (SE) pre-operative and 3-month post-surgery subjective results for accelerated and traditional groups
Variable Accelerated Traditional P Value
Pre-operative 3-Month Pre-operative 3-Month Time effect Group effect Interaction effect
KOOS (pain) 69.45 (3.14) 80.91 (2.65) 67.43 (3.14) 69.14 (2.65) 0.005 0.048 0.033
KOOS (symptoms) 73.64 (3.22) 83.32 (2.38) 68.93 (3.22) 75.64 (2.38) 0.0001 0.040 0.450
KOOS (ADL) 81.64 (3.09) 83.17 (2.35) 77.16 (3.09) 78.55 (2.35) 0.514 0.154 0.976
KOOS (sport and recreation) 28.58 (4.60) 11.84 (2.98) 22.00 (4.60) 6.82 (2.98) 0.0001 0.178 0.837
KOOS (QOL) 36.79 (3.99) 36.92 (3.44) 29.11 (3.99) 34.07 (3.44) 0.360 0.246 0.406
SF-36 (PCS) 41.33 (1.55) 37.02 (1.44) 38.19 (1.52) 34.76 (1.41) 0.001 0.124 0.650
SF-36 (MCS) 50.22 (1.89) 53.64 (1.74) 52.58 (1.86) 56.24 (1.71) 0.009 0.277 0.892
VAS (pain frequency) 4.96 (0.49) 2.93 (0.50) 5.42 (0.50) 4.45 (0.51) 0.0001 0.111 0.202
VAS (pain severity) 4.72 (0.44) 2.67 (0.34) 4.45 (0.45) 3.44 (0.35) 0.0001 0.629 0.076
1135Osteoarthritis and Cartilage Vol. 16, No. 10one-way ANCOVAs were used to investigate differences in gait parameters
across the two rehabilitation patient groups, and with their respective unaf-
fected, control groups. In the between patient groups ANCOVAs, patient
BW and knee pain were used as covariates since, pre-empting the results,
these variables were different between the two patient groups. Walking
speed was not used as a covariate since there was no difference in walking
speeds between patient groups. Statistical signiﬁcance was determined at
P< 0.05.Results
A signiﬁcant difference in body mass existed between the
two groups (P< 0.05), while all other descriptive parame-
ters between the two groups were not signiﬁcant pre-
surgery (Table III).SUBJECTIVE ASSESSMENTNo signiﬁcant differences existed between groups for all
questionnaires pre-operatively (P> 0.05), while the base-
line difference in BW between the two groups had no signif-
icant effect (P> 0.05) on reported scores. Whilst signiﬁcant
main effects (P< 0.05) for group and time were reported for0
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Fig. 3. KOOS sub-scales for accelerated (Accel) and traditional (Trad)KOOS sub-scales of pain and symptoms (Table IV and
Fig. 3), only accelerated patients achieved a signiﬁcant im-
provement in the pain sub-scale over time (interaction effect
P¼ 0.033). There was also a signiﬁcant improvement
(P< 0.05) in reported scores from pre-surgery to 3-month
status for the VAS-F, VAS-S and MCS in both patient
groups. Conversely, both groups experienced a signiﬁcant
deterioration (P< 0.05) in the sport and recreation KOOS
sub-scale and the PCS (Table IV and Fig. 3). No differences
were found for the remaining KOOS sub-scales; however,
all observed power calculations for non-signiﬁcant subjec-
tive comparisons were below 0.5.FUNCTIONAL ASSESSMENTSix-minute walk distance and activity level at 3 months
post-surgery were signiﬁcantly greater (P< 0.05) in the ac-
celerated group (Table V), whilst differences in BW and
knee pain were excluded as covariates due to their poor as-
sociation (P> 0.05) with these functional tests. There was
no signiﬁcant difference (P> 0.05) between the two groups
for either maximal knee ﬂexion or extension at 3 monthsTrad Accel Trad Accel Trad
Pre-operative Post (3-months)
DL QOLSport/Rec
rehabilitation groups, at pre-surgery and 3 months post-surgery.
Table V
Summary of mean (SE) 3-month post-surgery functional results for
accelerated and traditional groups
Variable Accelerated Traditional P Value
6 min walk distance (m) 515.8 (19.1) 464.1 (19.1) 0.041
3RM-SLR (kg) 25.2 (1.9) 22.9 (1.9) 0.248
Maximal knee ﬂexion (() 131.8 (3.0) 124.9 (3.0) 0.112
Maximal knee extension (() 0.3 (0.4) 0.9 (0.4) 0.332
Activity (steps/day) 10115 (462) 8551 (430) 0.016
1136 J. R. Ebert et al.: Accelerated rehabilitation following MACIpost-surgery (Table V), whilst pain was not associated
(P> 0.05) with KROM. Furthermore, there was no differ-
ence (P> 0.05) in 3RM-SLR scores between the two
groups (Table V), after controlling for BW (P¼ 0.0001)
and knee pain (P¼ 0.023) which were signiﬁcantly corre-
lated with this functional test. Observed power for these
non-signiﬁcant functional variables was below 0.5.GAIT ASSESSMENTThe traditional rehabilitation group was signiﬁcantly
heavier (P< 0.05) than the accelerated group, and reported
more knee pain (P< 0.05) at the time of gait analysis (Table
VI). There was no difference in any of the other descriptive
and spatio-temporal parameters between the two patient
groups. When comparing the self-selected, natural walking
speeds of patients and control subjects (Table VI), both
patient groups were signiﬁcantly slower (P< 0.05) than
the controls. However, after matching of walking speeds
between MACI patients and their respective, unaffected
control subjects, there was no difference in any of the
descriptive or spatio-temporal parameters (Table VI).
Knee pain had low, though signiﬁcant associations
(P< 0.05) with gait speed, peak GRFV, and the peak
knee adduction and ﬂexion moments (Table VII). Moderate
associations (P< 0.05) were observed between gait speed
and peak GRFV, and the peak knee adduction and ﬂexion
moments (Table VII). KROM was signiﬁcantly associated
(P< 0.05) with gait speed, and the peak GRFV and knee
ﬂexion moment (Table VII).
All knee angle parameters during stance were compara-
ble between accelerated and traditional groups (Table VIII).
When comparing the patient groups with their respective
control groups, however, knee angle was signiﬁcantly
greater (P< 0.05) at HS and MS in both patient groups,Table V
Summary of mean (SE) descriptive, spatio-temporal and knee pain data
underwent gait
Variable Accelerated Traditional Con
Accelerated
Age (y) 37.4 (2.3) 40.0 (2.6) 38.1 (2.3)
Weight (kg) 78.9 (2.5) 87.0 (3.1) 77.2 (2.5)
Height (m) 1.75 (0.02) 1.75 (0.02) 1.75 (0.02)
Knee pain
(*KOOS pain sub-scale)
80.5 (2.7) 68.0 (2.7) N/A
Naturally selected
walk speed (m/s)
1.23 (0.03) 1.18 (0.04) 1.36 (0.03)
Matched walk speed (m/s) 1.23 (0.03) 1.18 (0.04) 1.25 (0.03)
Cadence (steps/min) 100.9 (1.8) 98.2 (2.1) 99.6 (1.8)
Stride length (m) 1.47 (0.03) 1.43 (0.03) 1.49 (0.03)
Stride width (m) 0.09 (0.01) 0.09 (0.01) 0.09 (0.01)
*KOOS pain sub-scale (higher score indicates less knee pain).while KROM was signiﬁcantly less (P< 0.05) than controls
[Table VIII and Fig. 4(A)].
All GRFV parameters were comparable between acceler-
ated and traditional groups [Table VIII and Fig. 4(B)], when
knee pain and BW were used as covariates. However, peak
GRFV, GRFV1 and GRFV3 were signiﬁcantly lower
(P< 0.05) for both patient groups when compared to their
respective control groups [Table VIII and Fig. 4(B)].
The peak knee adduction moment during stance was sig-
niﬁcantly greater (P< 0.05) in the accelerated group when
compared with the traditional group, when using pain and
BW as covariates. The peak knee adduction moment ex-
hibited by the traditional group was signiﬁcantly lower
(P< 0.05) than controls, while there was no difference be-
tween accelerated and control patients (Table VIII and
Fig. 5). The adduction moment at M1ADD and M2ADD was
comparable between accelerated and traditional groups,
while M3ADD was signiﬁcantly greater (P< 0.05) in the ac-
celerated group [Table VIII and Fig. 4C]. M1ADD and
M3ADD were signiﬁcantly lower (P< 0.05) in traditional pa-
tients when compared to controls, while these were compa-
rable between accelerated and control subjects [Table VIII
and Fig. 4(C)].
The peak knee ﬂexion moment was not different between
the accelerated and traditional groups (Table VIII), when us-
ing pain and BW as covariates. The peak ﬂexion moment
exhibited by the traditional group was signiﬁcantly lower
(P< 0.05) than controls, while there was no difference be-
tween accelerated and control patients (Table VIII and
Fig. 5). The magnitude of the knee ﬂexion moment at
M1FLEx, M2FLEx and M1ExT was comparable between accel-
erated and traditional groups [Table VIII and Fig. 4(D)]. Fur-
thermore, M1FLEx was signiﬁcantly lower (P< 0.05) for both
patient groups, while M2FLEx and M1ExT were signiﬁcantly
greater (P< 0.05), when compared with their respective
control groups [Table VIII and Fig. 4(D)].MRI ASSESSMENTThere was no complete graft de-lamination at 3 months
post-surgery across all patients, as assessed by MRI.Discussion
Post-operative WB protocols following MACI are ‘conser-
vative’, and based on theoretical loading models and earlyI
from patient (accelerated and traditional) and control groups that
analysis
trol P Value
Traditional Accelerated vs
traditional
Accelerated vs
control
Traditional vs
control
41.3 (2.6) 0.421 0.823 0.732
84.4 (3.1) 0.033 0.644 0.553
1.76 (0.02) 1.000 0.899 0.584
N/A 0.040 N/A N/A
1.35 (0.04) 0.367 0.010 0.0001
1.25 (0.03) 0.367 0.749 0.176
99.8 (2.1) 0.373 0.609 0.558
1.50 (0.03) 0.433 0.490 0.057
0.10 (0.01) 0.115 0.095 0.345
Table VII
Pearson correlation coefficients between knee pain, gait speed and the change in knee flexion during WA, as well as peak GRF, knee adduc-
tion and flexion moments during gait
Variable Pain (KOOS) Gait speed
(m/s)
KROM
during WA
Peak vertical
GRF (%BW)
Peak knee
adduction moment
(%BWH)
Peak knee
ﬂexion moment
(%BWH)
Pain (KOOS) 1.00
Gait speed (m/s) 0.26* 1.00
KROM during WA 0.03 0.34* 1.00
Peak vertical GRF (%BW) 0.14* 0.50* 0.43* 1.00
Peak knee adduction
moment (%BWH)
0.23* 0.42* 0.09 0.12 1.00
Peak knee ﬂexion moment
(%BWH)
0.11* 0.34* 0.65* 0.49* 0.14 1.00
*P< 0.05.
1137Osteoarthritis and Cartilage Vol. 16, No. 10ACI surgical techniques. MACI removes a number of struc-
tural and functionally-debilitating side effects associated
with the surgical procedure2,6 and, therefore, it was consid-
ered that the traditional PWB program could be accelerated
to accommodate these developments without harm to the
patient or graft. Subjective, functional, biomechanical and
radiographic outcomes following the attainment of full WB
needed to be investigated to determine if any early detri-
mental effects existed as a result of the ‘accelerated’ ap-
proach to post-operative lower limb loading.Table V
ANCOVA results’ summary for the GRF, joint kinematic and joint kinetic d
control groups. Shown a
Variable Accelerated Accelerated
(control)
Traditional
Knee kinematics (()
HS 1.07 (1.00) 4.00 (1.18) 3.50 (1.52)
WA 12.40 (1.45) 14.70 (1.45) 15.00 (1.70)
MS 7.60 (1.37) 1.60 (1.37) 10.70 (1.47)
WA change (KROM) 11.3 (1.12) 19.70 (1.12) 11.50 (1.21)
GRFs (%BW)
Peak vertical GRF
(peak GRFV)
101.80 (1.35) 111.30 (1.35) 100.30 (1.25)
Vertical GRF
peak 1 (GRFV1)
95.50 (1.48) 106.10 (1.48) 94.30 (1.52)
Vertical GRF trough
(GRFV2)
78.90 (1.57) 76.30 (1.57) 77.40 (1.58)
Vertical GRF peak 2
(GRFV3)
99.40 (1.33) 109.90 (1.33) 97.30 (1.16)
Joint kinetics (%BWH)
Peak knee
adduction moment
2.64 (0.11) 2.73 (0.11) 2.08 (0.15)
Knee adduction
moment peak 1 (M1ADD)
2.33 (0.14) 2.56 (0.14) 1.91 (0.15)
Knee adduction
moment trough (M2ADD)
1.59 (0.09) 1.56 (0.09) 1.31 (0.12)
Knee adduction
moment peak 2 (M3ADD)
2.15 (0.11) 2.14 (0.11) 1.61 (0.12)
Peak knee
ﬂexion moment
1.98 (0.24) 2.50 (0.24) 1.86 (0.23)
Knee ﬂexion
moment peak 1 (M1FLEx)
1.26 (0.24) 2.36 (0.24) 1.38 (0.23)
Knee ﬂexion
moment peak 2 (M2FLEx)
1.22 (0.29) 0.85 (0.29) 1.20 (0.29)
Knee extension
moment (M2ExT)
0.53 (0.12) 1.66 (0.12) 0.07 (0.13)Both patient groups reported improvements in knee pain,
symptoms and general mental well-being from pre-surgery
to 3 months post-surgery. Reported knee pain and symp-
toms were signiﬁcantly less for the accelerated group at 3
months, while the improvement in pain from pre-surgery
to 3-month status was signiﬁcantly better in the accelerated
group. There was no other signiﬁcant group or interaction
effects reported in the remaining questionnaires, however,
observed power calculations were generally low indicating
that the sample may not have been substantial in detectingIII
escriptors of gait from the patient (accelerated and traditional) and
re the means (SE)
Traditional
(control)
P Value
Accelerated vs
traditional
Accelerated vs
control
Traditional vs
control
2.70 (0.80) 0.158 0.0001 0.0001
15.80 (1.70) 0.310 0.267 0.711
2.60 (1.47) 0.203 0.009 0.001
18.50 (1.21) 0.911 0.0001 0.0001
109.10 (1.25) 0.570 0.0001 0.0001
104.00 (1.52) 0.825 0.0001 0.001
76.30 (1.58) 0.184 0.206 0.719
106.60 (1.16) 0.642 0.0001 0.0001
2.67 (0.15) 0.013 0.568 0.025
2.55 (0.15) 0.220 0.254 0.029
1.41 (0.12) 0.101 0.261 0.399
1.99 (0.12) 0.021 0.757 0.018
2.60 (0.23) 0.967 0.063 0.036
2.36 (0.23) 0.753 0.019 0.017
0.77 (0.29) 0.995 0.023 0.032
1.55 (0.13) 0.315 0.006 0.001
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Fig. 4. Summary of gait for both patient groups (accelerated and traditional) and their respective control groups, throughout the stance phase
of gait. These included the following: (A) knee ﬂexion angle; (B) vertical GRF; (C) external knee adductioneabduction moment; and (D)
external knee ﬂexioneextension moment.
1138 J. R. Ebert et al.: Accelerated rehabilitation following MACIchanges. KOOS pain and symptoms scores for the tradi-
tional group were comparable to those reported in CACI
patients at 3 months24, and MACI patients at 24 months
post-surgery25. Both patient groups experienced a signiﬁ-
cant deterioration in the KOOS subset of sport and recrea-
tion, as well as the PCS subset of the SF-36, largely as
a result of the physical limitations imposed on patients at
this point in the post-operative timeline7,13. Although pa-
tients were asked to answer questionnaires truthfully, the
degree of potential bias resulting from patient knowledge
of their own treatment protocol, in reporting subjective vari-
ables such as pain and symptoms is unknown.
At 3 months post-surgery, the accelerated group per-
formed signiﬁcantly better in the 6 min walk test, whilst
daily activity level was also signiﬁcantly greater than the
traditional group. There is little available data on daily
activity or 6 min walk distance following ACI, despite its im-
portance as a key functional component in the majority of
ADL24. These results suggest that the earlier return to
full WB, and the associated extra time ambulating without
crutches, may provide superior strength, ﬁtness and
conﬁdence to patients during gait at 3 months post-
surgery. Although maximal knee ﬂexion and extension,
and 3RM-SLR were greater in the accelerated group at
3 months, these ﬁndings were not signiﬁcant. However,
the low statistical power reported indicated that a larger
sample size was needed to observe any real difference
in these variables.There was no difference in spatio-temporal parameters
between the two patient groups at 3 months post-surgery
(Table VI), while there was no difference between the two
patient groups and their respective control groups after
matching for walking speeds (Table VI). However, the natu-
rally self-selected walk speeds of both patient groups in this
study were slower than their respective unaffected controls
(Table VI). Furthermore, no signiﬁcant difference was ob-
served between the two patient groups in any of the knee
kinematic parameters investigated (Table VIII), however,
knee ﬂexion at HS and MS was signiﬁcantly greater in
both patient groups when compared to controls, while
KROM was signiﬁcantly less (Table VIII). There was no re-
lationship between knee range and pain in the current study
(Table VII), however, other variables such as quadriceps
weakness and knee joint instability26-28 may act to reduce
stance phase knee ﬂexion, and were not measured.
Whilst no difference was found in external GRF parame-
ters between the two patient groups, peak GRFV, GRFV1
and GRFV3 were signiﬁcantly lower in both patient groups
when compared with their respective control groups walking
at similar speeds (Table VIII). The magnitude of the GRF
contributes to articular loading and can be altered by re-
stricted knee ﬂexion23, as was the case in this study (Table
VII), as well as joint effusion, conﬁdence and pain29e32.
There was a low association between pain and peak
GRFV (Table VII), while joint effusion and conﬁdence were
not assessed. Regardless of the rehabilitation protocol,
1139Osteoarthritis and Cartilage Vol. 16, No. 10there were differences in GRF parameters between normal
subjects and MACI patients at 3 months post-surgery.
Both patient groups demonstrated a reduction in the
peaks of the typical ‘biphasic’ knee ﬂexioneextension
moment pattern exhibited during stance [Fig. 4(D)]. In
this study, knee ﬂexioneextension moments during gait
were associated with pain (Table VII), and may also be as-
sociated with joint capsule distention33, reduced quadri-
ceps strength27, reduced quadriceps activation and/or
increased co-contraction of the hamstrings and quadriceps
muscle groups34. Of importance to the MACI graft repair, if
this pattern results from reduced quadriceps activation/
strength, then the lower knee ﬂexioneextension moments
may act to reduce knee joint loading. Alternatively, high
levels of co-contraction may increase compressive loading
of the knee articular surfaces35. Future research needs to
identify whether higher or lower loading at this stage in
the post-operative timeline affects longer-term graft
outcomes.
There was no difference in the knee adduction moment
during stance between the accelerated group and controls,
while the adduction moment was signiﬁcantly less in the tra-
ditional group compared to their control group (Table VIII
and Fig. 5). There were no differences in spatio-temporal
parameters between the two patient groups (Table VI),
while knee pain, which has been shown to affect the knee
adduction moment36, was used as a covariate, suggesting
other contributing mechanisms to these altered joint mo-
ments. The knee adduction moment is a major determinant
of the distribution of forces between the medial and lateral
knee compartments37 and, therefore, it is important that
longer-term follow-up be undertaken to conﬁrm whether
the early recovery of the knee adduction moment encour-
ages long-term tissue development, or is potentially detri-
mental to development.0.0
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Fig. 5. Peak external knee adduction and ﬂexion moments during stance (
groups, and their respecThere was no graft de-lamination at 3months post-surgery
as a result of either rehabilitation protocol, suggesting graft
tolerance to the faster return to full WB. Determination
of graft failure in this study coincided with complete de-
lamination of the implanted graft, and therefore, its inability
to withstand the dynamic forces (compressive and shear)
placed upon it during the return to full WB.
Our ﬁrst three hypotheses were not supported, whereby
this research demonstrated several superior, early subjec-
tive, functional and biomechanical outcomes in patients fol-
lowing an accelerated approach to post-operative load
bearing rehabilitation following MACI. The patient and graft
tolerated the accelerated return to full WB and there was no
graft de-lamination at 3 months post-surgery, supporting our
ﬁnal hypothesis.
Randomized, controlled trials are required to investigate
post-operative load bearing and its effect on short and
longer-term graft and patient outcomes. Clinically, if the
therapist is too ‘aggressive’ in their approach following
ACI there is risk of graft de-lamination, while a too ‘conser-
vative’ approach may not provide adequate biomechanical
graft stimulus. Furthermore, the associated muscle loss,
gait abnormalities and potential intra-articular adhesions
that may result can further contribute to a poorer patient out-
come. Although repair tissue continues to develop and re-
model through to 24 months following surgery13,15, early
investigation of outcomes is imperative to ensure both graft
adherence and patient tolerance to the faster return to full
WB in the early post-operative stages, is not compromised.
Nevertheless, post-operative outcome in this ‘accelerated’
group requires a longer-term follow-up to determine if there
are any detrimental effects that may emerge as a result of
the accelerated protocol, and whether longer-term graft out-
comes are affected by the recovery time course of normal
gait function and/or abnormal loading mechanics in gait.Accel Trad
Patient Group Control Group
Peak Knee
Flexion Moment
P = 0.036*P = 0.063
%BWH) for both accelerated (Accel) and traditional (Trad) patient
tive control groups.
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